Biomembranes play important roles in mass transfer, molecular recognition, and energy flow on membrane surfaces. Biomembranes are composed of many kinds of phospholipids and form bilayers by stacking the hydrophobic alkyl chain parts on the inside of the membrane. The major phospholipids in the cell organelle are phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylcholine (PC), sphingomyelin (SM), and phosphatidylinositol (PI). Interestingly, the composition of these phospholipids is asymmetric on the inside and outside of the cell membrane. The composition depends on the kind of cell and on the organelles.
Introduction
Biomembranes play important roles in mass transfer, molecular recognition, and energy flow on membrane surfaces. Biomembranes are composed of many kinds of phospholipids and form bilayers by stacking the hydrophobic alkyl chain parts on the inside of the membrane. The major phospholipids in the cell organelle are phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylcholine (PC), sphingomyelin (SM), and phosphatidylinositol (PI). Interestingly, the composition of these phospholipids is asymmetric on the inside and outside of the cell membrane. The composition depends on the kind of cell and on the organelles. 1, 2 In general, the major parts of the PE and PS are in the inner half of the lipid bilayer, while PC and SM are mainly observed in the outer half. 1, 2 The different constitutions induce different structures and properties of biomembranes; such structures and properties are believed to be closely related to the recognition and selective transfer of exogenous biomolecules on the cell surfaces. However, the mechanisms governing the asymmetric constitution in the inside and outside monolayers are not clearly understood. The way in which they induce different dynamic behaviors of exogenous biomolecules into cells is not clear. Thus, it is intriguing and important to investigate the differences in the dynamic behaviors of exogenous biomolecules on the inner and outer surfaces of cells in order to understand how exogenous molecules are recognized and incorporated into the bilayer of a biomembrane.
Lipofection is one of the most powerful techniques of DNA transfection into living cells by the use of liposomes. Among various kinds of liposomes, cationic ones are efficient in gene transfer because they can strongly interact with DNAs and can spontaneously form cationic liposome-DNA complexes. They fuse the plasma membrane of cells and facilitate the delivery of functional DNA into the nucleus at high probability. [3] [4] [5] [6] [7] [8] [9] [10] [11] Many studies have reported on the improvement of the transfection efficiency as a result of the development of synthetic cationic liposome. [3] [4] [5] [6] [7] [8] [9] [10] [11] These studies were significant in the investigations of gene function [12] [13] [14] [15] [16] [17] [18] and gene therapy [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] in a broad range of diseases; the processes are safe, simple, and non-immunogenic.
A number of studies of DNA, cationic liposomes, and their complexes at solid/liquid, air/liquid, and liquid/liquid interfaces have been conducted to investigate the structures and properties of DNA-surfactant complexes at interfaces using UV-visible spectrophotometry, [31] [32] [33] [34] X-ray, 35, 36 ellipsometry, 37, 38 surface pressure, 39 the Du Nouy ring surface tensiometer, 40 the spinning drop interfacial tensiometer, 41 and the Wilhelmy method. 42 These studies provided useful information on the static environment of the membrane. However, little is known about the dynamic behaviors of DNA carriers on membranes upon lipofection, which takes place on millisecond-to-second timescales. Furthermore, research on how the different constitutions inside and outside the biomembrane affect lipofection has not produced clear-cut answers. Thus, in situ and time-resolved measurements of the dynamic behaviors of DNA carriers in a biomembrane model should provide important insights into the way in which a DNA carrier fuses with the bilayers of a biomembrane upon lipofection.
Here, we focused on the dynamic behaviors of external molecules in inside and outside biomembrane models upon lipofection. The differences in the dynamic behaviors of cationic liposome-DNA complexes were investigated. Such differences were induced by variances in the phospholipid constitutions between inside and outside biomembrane models. The inside and outside biomembrane models were formed individually with a tetradecane (TD)/phosphate-buffered saline (PBS) interface. The compositions were similar to those observed in the inside and outside of phospholipids in biological cells. A time-resolved quasi-elastic laser-scattering (QELS) method was used to monitor the adsorption and desorption of cationic liposome-DNA complexes in the models. The QELS method, which we have developed and applied to the study on the dynamics of mass transfer at liquid/liquid interfaces, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] allows non-perturbative in situ measurements of adsorption and desorption behaviors at liquid/liquid interfaces with a time resolution of 1 s. These studies are expected to provide fundamental information on the adsorption and desorption behaviors of cationic liposome-DNA complexes on the inner and outer membrane surfaces in lipofection. In addition, they should clarify the phenomena of adsorption and desorption during the transfer across biomembranes, such as that in endocytosis and exocytosis, which are generally observed on cell surfaces.
Experimental

Principle
The principle of the QELS method has been reported elsewhere. 58, 59 In brief, an incident laser beam passing through the interface is scattered quasi-elastically with a Doppler shift by the capillary wave at the interface. The scattered beam is optically mixed with a local beam produced by a slit to generate an optical beat in the mixed light. The obtained beat frequency is the same as the Doppler shift, i.e., the capillary wave frequency.
The wave number of capillary wave κ for the slit is expressed by the following equation, using the slit width d = 0.3 mm and the order n of the diffraction spot. 55, 56, [60] [61] [62] 
The interfacial tension γ is calculated from the capillary wave frequency f and Eq. (1) using Lamb's equation,
where ρw and ρo are the densities of the water phase and the oil phase, respectively, and γ is the interfacial tension. The errors of the capillary wave frequency and the interfacial tension are estimated as ± 0.1 kHz and ± 0.2 mN/m, respectively.
Apparatus
A schematic diagram of the experimental setup is shown in Fig. 1 . The light source is a 20 mW YAG laser (CrystaLaser, Model GCL-025S) with a wavelength of 532 nm. A glass tube sets in the upper phase to extinguish the air-liquid interface. Both the quartz cell and the glass tube made of quartz glass have optically flat bottoms. After passing through the sample, one of the diffracted beams was selected by the aperture in front of the photodiode (Hamamatsu Photonics S1290) and mixed with the scattered light. In the present study, the fifth-order diffracted beam was selected for the measurement. Signals from the photodiode were Fourier-transformed and saved by a digital spectrum analyzer (Sony Tektronix Co., Model 3056). The wavelength of the observed capillary wave was 5.5 × 10 -3 cm.
Preparation of the biomembrane models
The ratios of the inside and outside phospholipid constitutions in the present study are shown in Table 1 . The ratios were determined by referring to representative values of various cell organelles. 2 Chloroform (Wako)/hexane (Wako) mixed solvents (volume ratio; 1:1) were prepared; into these, phospholipids (PE, PS, PC, SM, PI) (Sigma) were dissolved at the concentrations shown in Table 1 . Further, 1.2 mg/ml cholesterol (Sigma) and 0.6 mg/ml α-tocopherol (Wako) were also dissolved into the inside and outside biomembrane model solutions. First, the mixed solvents were spread at an air/1 ml PBS (Wako) interface by microinjection in each quartz cell until the number density of the lipid molecules reached approximately 2.5 × 10 6 /1 µm 2 , which is similar to that in a lipid monolayer in cell membranes. 1 After vaporization of the solvents, insoluble monolayers of different phospholipid constitutions remained at the air/PBS interface. Then, 1 ml TD (Wako) was gently poured onto each monolayer model formed in each quartz cell. The TD phase (alkyl chain length, 14; the same number as that in phospholipids) in the biomembrane models plays the role of a quasi-alkyl chain layer of the counterpart membrane in lipid bilayers in cells. 57 These monolayers that distinctively formed at TD/PBS were investigated as inside and outside biomembrane models.
Sample preparation A 1.6-µg volume of DNA (Invitrogen, plasmid pCMV, SPORT-βgal) was dissolved in 100 µl PBS (pH 7.4). A 100-µl volume of PBS with 4 µl liposome (Invitrogen,
ANALYTICAL SCIENCES NOVEMBER 2004, VOL. 20 Lipofectamine 2000) was also prepared. A DNA-liposome complex solution was made by mixing 100 µl of the diluted DNA buffer solution and 100 µl of the liposome buffer solution.
To observe the dynamic behavior of DNA, liposome, and their complex in the biomembrane models, each component solution of each biomembrane model in the water phase was injected with a microsyringe. All chemicals were reagent grade and were used without further purification. All experiments were performed at room temperature (298 K).
Results and Discussion
To determine the initial values of the interfacial tension and to investigate the stability of the inside and outside biomembrane models, we measured the time courses of the capillary wave frequencies in those models formed at the TD/PBS interface ( Fig. 2 (a) ). No change in frequency was observed for at least 3 h in either case, indicating that both models were stable enough for the timescale of adsorption and/or desorption. The corresponding interfacial tensions for both models were calculated by Lamb's Eq. (2) and are plotted in Fig. 2 (b) . The initial values of interfacial tension in the inside and outside biomembrane models were 7.3 mN/m and 5.3 mN/m, respectively. The errors on these values were estimated within 0.1 mN/m from the standard deviation of 10 repeated measurements.
To examine the dynamic behavior of cationic liposome-DNA complexes, we then measured the time courses of the interfacial tension in the inside and outside biomembrane models after the injection of cationic liposome-DNA complex solutions into the PBS phase. Changes in the surface tension due to the ad/desorptions of the surface-active molecules can be monitored by the time course of the capillary frequency induced by the change in interfacial tension with the relation shown in Eq. (2). In general, the adsorption of surface-active molecule induces a decrease in surface tension, and the desorption, in turn, induces an increase in surface tension. Thus, the first observed decrease in surface tension reflects the adsorption of the surface-active liposome-DNA complex, and the subsequent increase reflects the fact that some parts of the adsorbed phospholipid of liposomes and/or DNA were desorbed from the models. Unfortunately, the ratio of the desorbed phospholipid and DNA molecules cannot be determined using the QELS method alone. However, at least the difference in the total amount of adsorbed liposome-DNA complexes and their adsorption rate in the inside and outside biomembrane models can be discussed under the same injection conditions.
The time courses of interfacial tension after injection of the complexes are plotted in Fig. 3 .
When the cationic liposome-DNA complexes were injected in the outside biomembrane models, a gradual decrease of the capillary wave frequency was observed for about 12 s. Then, it increased gradually for 10 s and reached its equilibrium (>22 s after injection). The interfacial tension at the equilibrium was different from that measured before the injection by 2.9 mN/m. This is because both liposome and DNA are surface-active and their adsorptions induce the decrease in the surface tension.
Next, we compared the dynamic behaviors of the cationic liposome-DNA complexes between the inside and outside biomembrane models. As shown in Fig. 3 , we found that the dynamic behavior of the cationic liposome-DNA complex in the inside and outside biomembrane models remarkably differed, even though we had used the same injection condition. The difference in the dynamic behaviors of liposome-DNA complex is interesting because the different constitution of phospholipids in inside and outside biomembrane models induced the different adsorption and desorption behaviors of external biomolecules. The decrease in interfacial tension between the initial and minimum values and between the initial and equilibrium values and rates of decrease and increase in interfacial tension in both models are summarized in Tables 2 and 3 by the injection, we applied data from 2 s after the injection to the time when interfacial tension reached its minimum, at the point when the decrease rate of interfacial tension was almost constant. The changes in interfacial tension between the initial and minimum values, and between the initial and equilibrium values were 1.4 and 1.5 times larger in the inside model than those in the outside model, respectively.
In general, the inside biomembrane consists of much more negatively charged phospholipids, such as PS. Thus, we can conclude that the reason for the larger number in the adsorption of the "cationic" liposome-DNA complex is due to the larger number of negatively charged phospholipids in the inside biomembrane. Interestingly, the adsorption rate of the cationic liposome-DNA complexes also showed a remarkable difference between the inside and outside models. In the outside model, the adsorption rate was 2.6 times larger than that observed in the inside model. In contrast, the rate of increasing tension of the complexes was almost the same for both models. Although the injection conditions were the same for both measurements, these results indicated that both the total amount of adsorption of the complex and the rate of the adsorption were different in the inside and outside biomembrane models. In particular, this remarkable difference in the adsorption rate is interesting because the incorporation process is considerably affected by the difference in the constitution of phospholipids in the biomembrane. Furthermore, although the total amount of negatively charged phospholipids is larger in the inside model, and the adsorption rate is larger in the outside model. This result indicates that the electrostatic interaction between the positively charged cationic liposome and the negatively charged phospholipid cannot explain such a difference in the dynamic behaviors.
To examine what induces such a remarkable difference in the rate of cationic liposome-DNA complexes in the inside and outside models, we separately measured the dynamic behaviors of DNA alone and of cationic liposome alone. The interfacial tensions after the injection of DNA and cationic liposome solutions in the inside and outside biomembrane models are plotted as a function of time in Figs. 4 and 5, respectively. A different dynamic behavior of DNA and cationic liposome was likewise generated in the inside and outside biomembrane models. The decreased interfacial tension between the initial and minimum values and that between the initial and stationary state values of DNA and cationic liposomes are summarized in Table 2 . The adsorption and desorption rates of DNA alone, liposomes alone, and their complexes are summarized in Table  4 . To compare the adsorption rates of the complexes, DNA, and cationic liposomes, the applied data are shown in Figs. 6 (a) , (b), and (c), respectively. No remarkable difference was observed in the adsorption rate of DNA alone between the inside and outside biomembrane models, as shown in Fig. 6 (b) . This showed that DNA had little influence on the different adsorption rate of the cationic liposome-DNA complexes in the inside and outside biomembrane models. This was considered to be due to the negatively charged DNA being effectively bound and surrounded by the cationic liposomes. In contrast, the adsorption rate of cationic liposomes alone in the outside biomembrane model was 1.8 times larger than that observed in the inside model, indicating that the cationic liposomes were faster at incorporating DNA into cells in phospholipid membranes with an outside constitution than in those with an inside constitution. This is similar to the dynamic behavior of the cationic liposome-DNA complex, as shown in Fig. 6 (a) . These results indicate that not the DNA but the surrounding cationic liposomes of the complexes are closely related to the remarkable differences in the adsorption rates of the cationic liposome-DNA complexes between in the inside and outside biomembrane models. However, as mentioned, the electrostatic interaction between the cationic liposome and negatively charged PS cannot explain such a tendency. To explain these features, we must take into account the role of the counter-ions adjacent to the charged phospholipid and the stability of the complex between the cationic liposomes and the negatively charged DNA molecules in the inside and outside models. Although the reason for the acceleration of the adsorption rate of the liposome-DNA complexes in the outside biomembrane models is not yet clear, it is interesting that such a different dynamic behavior was actually induced on the second timescale due to the asymmetric constitution of the biomembrane. Such real-time monitoring of the dynamic behaviors of exogenous molecules in biomembranes will contribute to clarify the biological role of the asymmetric constitutions of the inside and outside biomembranes.
Summary
We measured the adsorption and desorption behaviors of cationic liposome-DNA complexes in inside and outside biomembrane models using the dynamic QELS method. The different dynamic behaviors of cationic liposome-DNA complexes in the inside and outside models were successfully monitored. It was found that the adsorption rate of the cationic liposome-DNA complexes in the biomembrane model with an outside constitution was remarkably increased. From the reference experiments, the mutual interaction between cationic liposome and biomembrane was revealed to play an important role in accelerating the adsorption of the complexes. We expect that the QELS method will not only give valuable information on the design of cationic liposomes for efficient DNA incorporation, but also provide a useful tool to understand mass transfer phenomena across biomembranes. ANALYTICAL SCIENCES NOVEMBER 2004, VOL. 20 
